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Abstract
Context.The feral pig (Sus scrofa) is awidespreadpest species inAustralia and its populations are commonly controlled to
reduce damage to agriculture and the environment. Feral pigs are also a resource and harvested for commercial export as
game meat. Although many other control techniques are used, commercial harvesting of feral pigs is often encouraged by
land managers, because it carries little or no cost and is widely perceived to control populations.
Aims. To use feral-pig harvesting records, density data and simple harvest models to examine the effectiveness of
commercial harvesting to reduce feral-pig populations.
Methods. The present study examined commercial harvest off-take on six sites (246–657 km2) in southern Queensland,
and 20 large blocks (~2–6000 km2) throughout Queensland. The harvest off-take for each site was divided by monthly or
average annual population size, determined by aerial survey, to calculate monthly and annual harvest rates. A simple harvest
model assuming logistic population growth was used to determine the likely effectiveness of harvesting.
Key results. Commercial harvest rates were generally low (<~20%) and are likely to provide only modest reductions in
population size. Additionally, harvest rates capable of substantial reductions (>50%) in long-term population size were
isolated occurrences and not maintained across sites and years. High harvest rates were observed only at low densities.
Although these harvest rates may be sufﬁciently high to hold populations at low densities, the population is likely to escape
this entrapment following a ﬂush in food supply or a reduction in harvest effort.
Implications. Our results demonstrated that, at current harvest rates, commercial harvesting is ineffective for the
landscape-scale control of feral-pig populations. Unless harvest rates can be signiﬁcantly increased, commercial
harvesting should be used as a supplement to, rather than as a substitute for, other damage-control techniques.
Additional keywords: density, harvesting, management.
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Introduction
The feral pig (Sus scrofa) is a well known introduced species
found throughout much of Australia. In some areas, particularly
Queensland and New South Wales, feral pigs are targeted by
accredited, commercial operators for supply to the game-meat
industry. Feral pigs are harvested mostly through ground
shooting (with animals often located through the use of
hunting dogs), but many are also live-trapped before being
shot. Animals are then partly eviscerated, and transported to a
local ﬁeld ‘chiller’ depot for refrigeration. Carcasses are then
delivered to a licenced game-meat processer for post-mortem
inspection, processing and export as ‘Australian wild pig’ to
mainly European countries for consumption (Ramsay 1994;
Forsyth and Parkes 2004). Despite their resource value, feral
pigs remain a major economic pest (Choquenot et al. 1996),
thought to cause in excess of A$100million in lost agricultural
production in Australia per annum (McLeod 2004). Recent
assessments using economic surplus models have suggested
costs to the grain, lamb and wool industries of A$9.2million
per annum (Gong et al. 2009). Most production damage is
reportedly through predation on stock including lambs (e.g.
Pavlov et al. 1981) and damaging grain and other crops
(Benson 1980). Feral pigs are also responsible for a range of
environmental impacts, including predation of native species,
and disturbance or destruction of natural habitats (Caughley
1994; Fordham et al. 2006; Mitchell 2008). Although the true
cost of this damage is unknown and varies temporally and
spatially, the damage ultimately triggers control by land
managers. Common techniques utilised to reduce pig density
(and resulting impacts) include 1080 baiting, trapping, aerial and
ground shooting and commercial and recreational harvesting
(Mitchell 2010; Bengsen et al. 2013), which vary in efﬁcacy
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and cost. Land managers will invest resources in control when
they believe the beneﬁts of control (i.e. reduced losses in crop
yield or animal production) outweigh the costs. However,
commercial and recreational harvesting of feral pigs is seen to
offer control that is essentially ‘free’, while providing a
sustainable off-take for the game-meat industry (Ramsay
1994). Although the motivation of the commercial harvesting
industry is ultimately proﬁt-driven (rather than reducing pig
density per se), the widely held perception of effective, ‘free’
control can favour the use of harvesting, rather than other forms of
conventional lethal control, by land managers aiming to control
pig populations.
Simple harvest models can be used to assess the efﬁcacy of
harvesting through determining (1) the likely level of population
reduction for a particular harvest rate, and (2) whether that
harvest rate is sustainable in the long term. When a population
is at a density well below carrying capacity (K) and growth is
unrestricted, robs (the observed rate of increase) is likely to
approach its rmax (the maximum rate of increase; Caughley
1980). Published maximum rates of increase calculated for
Australian feral-pig populations range between 0.57 and 0.78
(0.57, Hone and Pedersen 1980; 0.6–0.7, Giles 1980; 0.78, Caley
1993; 0.69, Choquenot 1998; 0.74, Hone 2002). These are
consistent with expectations based on body size and age at
ﬁrst reproduction (Hone et al. 2010; Hone 2012), and indicate
a potential doubling time of 12months for a feral-pig population.
For a population potentially growing at rmax, 60–70% of the
population needs to be removed continuously throughout
the year (= instantaneous rate of harvest, Caughley 1980) to
hold it stable. If there is a single removal (= isolated rate of
harvest, Caughley 1980), such as through baiting, then ~50% of
the population needs to be removed to hold it stable.
However, for a population to increase at rmax there need to be
unlimited resources (and no predation or emigration), which
may occur when a population has been reduced to low density.
Rate of increase is expected to decline with increasing density
as the population recovers. Assuming logistic population
growth, the relationship between harvest rate, sustained yield
and depression of N for a feral-pig population where rmax = 0.69
is shown in Fig. 1. As the population is reduced, it will generate
a rate of increase and that productivity (i.e. rN) can be
harvested sustainably to hold the population at the lowered
density.
FromFig. 1, themaximum sustainable yield (MSY) is taken at
K/2 at a harvest rate of rmax/2 (Caughley 1980). Other sustainable
harvest rates are clearly possible, resulting in equilibrium
densities between 0 and K and sustained yields of <MSY.
These are the implications of harvesting at constant rates in the
long term. Other sustainable strategies are possible, such as short
periods of heavy harvesting, followed by periods of no harvesting
to allow the population to recover.
The logistic model is simplistic because the rate of increase
will be veryweakly related to density in semiarid environments.
Rates of population increase of feral pigs appear to be strongly
dependent on survival rates of juveniles (e.g. Giles 1980). Sows
cease to lactate when their crude protein intake drops below
critical levels (Giles 1980; Pavlov 1980), resulting in high
mortality of piglets (Caley 1993). Rainfall is an important
determinant of plant growth, and therefore protein contents.
In reality, then, potential rate of increase is likely to be a function
of food supply driven by rainfall (Giles 1980; Caley 1993;
Woodall 1983; Choquenot 1998), with rmax possible after
ﬂooding rainfall. In such ﬂuctuating environments, the yield
curve in Fig. 1a will be lower and the MSY shifted to the left
(Grigg and Pople 2001) for a predominantly herbivorous feral-
pig population (Giles 1980).
The efﬁcacy of harvesting is recognised as much lower than
poison baiting (Allen et al. 1995) where large, immediate
knockdowns in population size can be achieved, but
harvesting may still be able to restrict population growth,
particularly when densities are low. The potential impact of
harvesting and/or control on feral-pig populations has been
explored in theory (see Choquenot et al. 1995; Hone 2012),
but empirical data are lacking. The present study examines
commercial harvest off-take on six study sites in southern
Queensland, to determine the ability of commercial harvesting
to control feral-pig populations. These data were also compared
with commercial harvest off-take elsewhere in Queensland to
gain some general understanding of the likely effectiveness of
harvesting as a control method.
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Fig. 1. (a) Sustained yield curve for a feral-pig population that grows logistically with rmax = 0.69. (b) The % reduction in
population size from long-term harvesting of the population at constant instantaneous rates of 0–69%.
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Materials and methods
Queensland Murray–Darling Catchment sites
Six study sites, ranging from246 to 657 km2 in area, were located
in the Queensland Murray–Darling Catchment (QMDC) of
south-western Queensland (Fig. 2b). Each site consisted of
several properties producing sheep, cattle or mixed cereal or
ﬁbre (cotton) crops, often in combination. Habitatswere typically
fragmented, containing areas of cultivation, large tracts of
grazing land with the occasional forest or woodland verges,
particularly along riparian areas. These sites are representative
of the grain-producing belt throughout southern Queensland
and northern New South Wales where feral-pig harvesting
commonly occurs and is encouraged by landholders. It is one
of the main areas of commercial harvesting of feral pigs because
its relatively consistent supply of pigs and close proximity to
processing facilities, reducing freight costs (C. Dee, Wild Game
Resources, pers. comm. 2011).
Aerial surveys
Broad-scale, repeatable estimates of absolute density were
required to estimate harvest rate and to compare densities over
time and among locations. Aerial surveys were ﬂown to estimate
feral pig density and distance-sampling methods (Buckland et al.
1993) used to adjust counts for visibility bias. In all, 8–10 parallel
east–west transects were systematically placed 5 km apart across
the six study sites. A Robinson R44 helicopter, with the two rear
doors removed, was ﬂown at a ground speed of 93 kmh–1 (50 kts)
and at a height of 61m (200 ft) above the ground. Navigation was
by a global positioning system (GPS) receiver. Observers,
occupying the two rear seats of the helicopter, counted the
pigs seen on either side of the aircraft. To enable data to be
analysed as line transects, clusters of animals were recorded,
using a digital hand-held recorder, into the 0–20-m, 20–40-m,
40–70-m, 70–100-m, 100–150-m and >150-m distance classes,
perpendicular to the transect line. Interval width increased
with distance to reﬂect the greater importance of accurate
measurements near the transect line and to aid modelling the
shoulder in the detection function (Buckland et al. 1993). The
distance classes to 150m were delineated on aluminium booms
extending from either side of the helicopter. Animals were
recorded in the position that they were ﬁrst seen, avoiding
problems with animals moving in response to the helicopter
(Fewster et al. 2008).
The seating of the rear-seat observers was allocated
randomly for each survey session. There was a third observer
seated in the front left when weight or training restrictions
permitted. Several observers were used during the course of
the study, but all were either experienced at counting pigs
from the air or spent ‘training’ time in the front seat until their
counts were close to that of an experienced observer (Beard
1999). Aerial surveys were conducted on all six QMDC sites in
the months of March/April, August and November, with eight
surveys ﬂown between November 2007 and April 2010. All
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Fig. 2. (a) Location of regional survey blocks used to monitor feral-pig populations in Queensland (Qld). J = Julia Creek; Du=Duchess;
Ct =Charters Towers; Hu =Hughenden; Wn=Winton; L =Longreach; Ba =Barcaldine; E = Emerald; Bk =Blackall; Wi =Windorah;
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surveys were conducted within either 2 h after sunrise or 2 h
before sunset. This technique has now become an established
method for broad-scale surveys of macropods and other large
vertebrates in eastern Australia (e.g. Clancy et al. 1997),
including pigs, but not always using line transect sampling
(Choquenot 1995; Tracey 2006).
The two left-side observers counted simultaneously, allowing
mark–recapture line-transect (MRLT) methods (Laake and
Borchers 2004; Laake et al. 2008) to be employed for at least
some surveys. Their sightings were separated into those seen by
both observers and those seen only by the front observer or only
by the rear observer. This was identiﬁed by the recorded time
of the sighting, the size of the group and its distance class.
MRLT methods allow assessment of and correction for the
key assumption of line transects, that animals are detected on
the line with certainty. For the mark–recapture component, the
key assumption is that detections of the two left-side observers
are independent (see Laake et al. 2008).
Regional survey blocks
Kangaroo harvesting is regulated largely through the use of
quotas set from proportions of estimated population size (e.g.
Popleet al. 2010).Tomonitor kangaroodensities, theQueensland
Department of Environment and Heritage Protection (DEHP)
regularly undertakes aerial surveys in survey blocks
(~2–6000 km2) throughout the state, but concentrated in the
sheep rangelands (Fig. 2; Caughley 1987). Feral pigs are also
counted on these surveys using identical survey techniques
(i.e. helicopter type, speed, altitude, distance classes, and the
useof highly trainedobservers) to thoseon theQMDCstudy sites.
Under the current management program, four of the blocks
(Charleville, Blackall, Barcaldine and Windorah) are surveyed
annually, with the remainder ﬂown every second year. The latter
blocks are paired with another block in the same bioregion and
one of each pair ﬂown is ﬂown in alternate years. All blocks are
ﬂown every 5th year.
Density estimation
QMDC sites
To calculate feral-pig densities, two separate analyses were
performed in DISTANCE 6.0 (Thomas et al. 2010). First,
MRLT data were used to calculate an estimate of the
probability of detecting a cluster of pigs on the line, g(0), and
its standard error. Second, rear-observer counts were analysed
as conventional line-transect (CLT) sampling, with the resulting
density and variance estimates adjusted for g(0), and its standard
error determined from the MRLT analysis.
For the MRLT analysis, point independence was assumed
(Laake et al. 2008) and separate detection functions were
modelled for the line transect data and for the mark–recapture
data, although modelling of only the latter was required for an
estimate of g(0). For comparison with the CLT analysis below,
the line-transect data were modelled using both half-normal
and hazard-rate key functions, with cluster size as a potential
covariate. For the mark–recapture data, distance, observer (front
or rear) and cluster size were potential covariates in a logistic
function. Models were compared using Akaike’s information
criterion (AIC).
For the CLT analysis, the following ﬁve detection function
models were considered: a uniform key function, plus either a
cosine or simple polynomial series expansion; a half-normal key
function, plus either a cosine or a Hermite polynomial series
expansion; and a hazard-rate key function, plus a cosine series
expansion. The most parsimonious model and number of
adjustment terms in the series expansion were selected using
AIC. Detection functions with marked spikes at zero distance
were rejected. Separate estimates were calculated for each site
for each survey. Sample sizes were too small (<50) to calculate
separate detection functions in each case, so a detection function
was modelled using data pooled across all sites and surveys.
Densities of pigs were calculated as densities of clusters
multiplied by mean cluster size. Variance formulae are given
by Buckland et al. (1993).
Regional survey blocks
Data from 20 regional survey blocks were analysed. It was
assumed that detection probability would vary primarily
among block and then, secondarily, among years. However,
small sample sizes on many blocks, particularly those with
abbreviated time series, forced detection functions to be
modelled by pooling data across nearby blocks. Block-speciﬁc
detection functions were modelled for Blackall and Bollon. All
counts were analysed as CLT sampling, but again with density
and variance estimates adjusted for g(0) and its standard error
determined from the MRLT analysis of the QMDC site data
described above.
Commercial harvesting
The harvest off-take (i.e. the number of feral pigs removed)
from each study site was estimated from the records of
companies processing feral-pig carcasses. Game-processing
companies provided details of the location of harvesting
chillers throughout Queensland and northern New South
Wales, and the numbers of feral pigs processed in each of
these chillers for the period June 2007 – July 2010. Data were
collated and imported into ArcGIS (ESRI Inc., CA, USA) for
spatial analyses. Each chiller location and corresponding harvest
data were matched to the respective spatial location. Unlike
kangaroo harvesting, properties where pigs are harvested are
not identiﬁed by feral-pig processors. Choquenot et al. (1995)
argued from modelled data that it is economically proﬁtable to
harvest feral pigs out to 72 km fromachiller.Kangaroo harvesters
are known to travel up to ~150 km from each chiller location
(Hacker et al. 2003). Harvest density should decrease with
increasing distance from a chiller (Choquenot et al. 1995), so
we assumed that 75% of the harvested total for each chiller
occurred within a 75-km radius, with the remainder (25%)
occurring 75–150 km from a chiller. As no data exist to verify
this assumption, this seemed the most reasonable approach
because there are obvious constraints. Harvesters are
constrained to take pigs close to a chiller because there is both
a travelling cost and a requirement to deposit carcasses at the
chiller within 2 h of sunrise. The harvest was assumed to be
uniform within the landscape in each buffered area. The
proportion of each of the six study sites that overlapped each
buffered area (i.e. 75- and 150-km buffers) was then determined.
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This proportion was used to estimate the number of pigs from
each chiller that were harvested from each study site. We
summed this commercial harvest off-take each month and year
for each study site. Annual estimates for 2007 and 2010 were
calculated by using themonthly average of the available 7months
of data for each month of the missing period.
The harvest off-take was divided by monthly or average
annual population size, determined by aerial survey, to
calculate monthly and annual harvest rates, as percentages of
the population harvested.
Harvest off-take and annual harvest rates for feral pigs were
similarly calculated for the regional survey blocks.
Harvest rates and effectiveness of harvesting
The effectiveness of commercial harvestingwas also investigated
by comparing actual and potential (without commercial
harvesting) rates of increase on the QMDC sites. The rate of
increase of feral pigs was calculated as
r ¼ lnðDtþ1=DtÞ;
where Dt and Dt+1 are estimates of population density from
each survey. The instantaneous commercial harvest rate (chr)
between consecutive density estimates was calculated as
chr ¼  ln 1 chﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DtDtþ1
p
 
;
where ch is the commercial harvest off-take between surveys
based on processor records. An instantaneous rate is appropriate
because harvesting was essentially a continuous activity through
time rather than isolated events (see Caughley 1980). The
potential rate of increase (rp) was adjusted for the harvested
mortality rate and calculated as
rp ¼ r þ chr:
Calculating rp using this method assumes that mortality
from harvesting is additional to natural mortality rather than
compensatory to some extent. Rates of increase were also
compared with zero using two-group randomisation tests
(Manly 1991).
Results
Feral-pig-density estimation
For the MRLT analysis (n= 106), the most parsimonious
mark–recapture model contained only the intercept (i.e. no
covariates). Models including observer, cluster size or distance
alone as covariates appeared plausible with DAIC < 2. However,
in all cases, parameters were not signiﬁcant, so the model with
only the intercept was used and no model averaging was
considered. This yielded an estimate of g(0) of 0.64 0.04,
indicating that only two-thirds of pig groups were seen on the
transect line. A half-normal detection function was preferred
over a hazard function for the line-transect data, producing
an average detection probability in the strip of 0.27 0.02.
Including cluster size as a covariate produced a plausible
model (DAIC= 2), but again the parameter estimate was not
signiﬁcant.
For the CLT analysis, groups of feral pigs (n= 290) were
detected with a probability of P = 0.29 0.01, with detection
probability declining rapidly beyond 40m (Fig. 3). This result
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Fig. 3. Half-normal detection function for groups of feral pigs (n= 290)
pooled across all study sites and sampling periods.
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is almost identical to that recorded in the MRLT analysis with
a smaller sample size.
Density estimates for the QMDC sites from the DISTANCE
analyses are shown in Fig. 4, and are provided in Table S1,
available as Supplementary material for this paper. Feral-pig
density on the QMDC sites generally ranged between 0.5 and
2 pigs km–2. Density estimates for sites from each survey period
are obviously highly dependent on recording feral pigs when
they are present. For example, no feral pigs were observed at
Nindigully during the November 2007 and August 2009 survey
periods, resulting in zero density estimates. At the time of
sampling, feral pigs were known to be present, but were not
detected for the given survey effort. At these levels of survey
effort, it is difﬁcult to derive accurate and precise density
estimates when densities are low (here appearing to be <0.05
pigs km–2) and few groups are observed. More reliable estimates
from QMDC study sites are those averaged over consecutive
survey periods, where multiple surveys were undertaken for
each year (Table S1). Precision is still poor, but sufﬁcient to
distinguish the density extremes on the sites.
Differences in survey locations and timings preclude direct
comparisons between data-collection methods used on the
QMDC sites and regional survey blocks. However, similar
densities on the partially overlapping Minnel (up to 2.74 pigs
km–2) site and Westmar (up to 2.07 pigs km–2) block during the
2008–10 survey periods suggest that methods were comparable.
Density estimates for each survey and average density estimates
for the regional survey blocks from surveys immediately before
and during the study period are provided in Table S2, available
as Supplementary material for this paper.
Commercial harvest rates
Data from all four processing companies operating ﬁeld chillers
(Fig. 2) in Queensland (n= 140) and northern New South Wales
(n= 24) were collated to determine harvest off-take. Buffering of
each aerial survey site through GIS analyses indicated that
QMDC sites appear to be well serviced by the network of
chillers. In total, 21 chillers were located within 75 km of the
QMDC sites, and 49 chillers within 150 km. Individual sites had
at least six, and up to nine, chillers available within 75 km
(mean = 7.5, s.d. = 1.0), and between 22 and 31 chillers within
150 km (mean = 28, s.d. = 3.4).
Harvest rates among the six QMDC sites varied considerably
(Figs 5 and 6). The yearly mean for all sites declined over the
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4 years, from 46.0% to 14.5%. Minnel and Nindigully had,
on average, the greatest harvest rate over the study period
(2007–10), with an average of 44.9% and 55.2%, respectively,
of the population removed by commercial harvesters during
this period. Crowders Creek had the lowest harvest rate, not
exceeding 10% over 2007–10.
The Queensland regional survey blocks were, on the whole,
more isolated from ﬁeld chillers. Each block, on average, had 4.5
chillers <75 km (s.d. = 2.8) and 12.0 chillers <150 km (s.d. = 7.6),
and this tended to increase with latitude, reﬂecting the largely
southern Queensland distribution of chillers (see Fig. 2). Similar
to the QMDC sites, the harvest rate (% of animals harvested) at
each of the regional survey blocks varied considerably, ranging
between an average of 2.2% (Quilpie) and 95.5% (Duchess) of
the population being harvested and sent to chillers each year
(Fig. 7). Someof the higher estimates of harvest rate (e.g. Emerald
and Hughenden) are likely overestimates because of low and
imprecise population estimates based on small sample sizes and a
patchy dispersion of feral pigs in the survey block.
Harvesting effectiveness
The sustained-yield curve (Fig. 1) assuming logistic population
growth suggested a MSY of ~35%, resulting in a long-term
reduction in population size of ~50%. The harvest rates for the
QMDC sites shown in Fig. 6 were generally below the MSY,
usually between 10% and 30%, and such an off-take in the long-
term would result in a ~15–44% reduction in population size.
Similarly, the harvest rates for the regional survey blocks
were generally below 20%, with an associated reduction
in population size of <30%. These harvest rates need to
be maintained over several years for these reductions to be
realised.
Figures 8 and 9 show a pattern of harvest rate being greatest
for low-density populations (in the QMDC, at densities lower
than ~1 pig km–2; in the regional survey blocks, at densities lower
than ~0.4 pigs km–2), but declining rapidly with increasing
density. This pattern is consistent among sites (Fig. 8a) and
among years (Figs 8b, 9). Clearly, for the years examined,
high harvest rates are not being maintained at higher feral-pig
density, allowing populations to recover.
The number of animals harvested per 100 km2 on the QMDC
sites (Fig. 10) and regional survey blocks (Fig. 11) is not
correlated with feral-pig density, suggesting that factors other
than pig density are determining harvest off-take. These factors
will be either supply-limited (e.g. limited number of harvesters
who cannot reduce their search and handling time; restricted
access to animals because of vegetation or road network) or
demand-limited (e.g. restrictions on the number of carcasses
received by processers through price, quotas or chiller-box
closures).
Given the number of feral pigs removed commercially from
the QMDC sites, we calculated the potential rate of increase (rp)
in the absence of harvest mortality. The rate of increase and
potential rate of increase for the QMDC sites are shown in
Table 1. The difference between the potential and observed
rates of increase suggests that commercial harvesting
contributed little to the maintenance of low feral-pig numbers
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Fig. 7. (a–f) Annual harvest rates (%) for the regional survey blocks for 2007–10.
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on these sites. Additionally, two-group randomisation tests
(Manly 1991) on the rates of increase on all sites were not
signiﬁcantly different from zero for each year (P = 0.77) or
over the entire study period (P = 0.86), indicating stable
populations.
Discussion
The present study is the ﬁrst to use empirical data to assess the
impact of commercial harvesting on feral-pig abundance in
Australia. Other studies have merely discussed the potential
for harvesting as a control technique (Ramsay 1994;
Choquenot et al. 1995) or used modelling to hypothesise
conditions under which control (or harvest) would work (Hone
2012), all in the absence of measured harvest rates.
Our results showed that, at current harvest rates, commercial
harvesting is generally ineffective at reducing the abundance of
feral pigs. The harvest rates for the QMDC sites and regional
survey blocks would generate only modest reductions in the
population size if maintained in the long term. In the shorter
term, harvest rates ﬂuctuated widely. The periods when harvest
rates exceeded potential replacement levels were isolated
occurrences and were not maintained across sites and years,
and so populations would be able to recover quickly.
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Moreover, harvest rates were elevated only at low densities.
Although these harvest rates may be sufﬁciently high to hold
populations at lowdensities, the population is likely to escape this
entrapment following a ﬂush in food supply or a reduction in
harvest effort. Furthermore, it is uneconomic to process small
animals (Ramsay 1994)with the price paid per kg increasingwith
greater carcass weight. Therefore, harvesting off-take is biased
towards larger animals, and probably males, which would reduce
the overall effect of the harvest on population size; however,
supporting data are lacking.
Our data indicated that current harvest rates would have to be
signiﬁcantly increased, or be sustained for extended periods to
substantially reduce population size. It is widely reported that
pig populations can quickly recover from any short-term density
reductions, through increased reproduction and immigration
(Choquenot et al. 1996; Hanson et al. 2009). Long-term
reductions in density appear difﬁcult to achieve, given market-
(demand-) and/or supply-driven conditions. Commercial
harvesting of feral pigs has been undertaken in Australia since
1980, when changes to regulations facilitated the export of game
meat (Ramsay 1994). The domestic market is insigniﬁcant, with
most animals exported to European countries and packaged as
‘wild boar’ (Forsyth and Parkes 2004). The number exported is
highly dependent on the demand from Europe, although poor
seasonal conditions in Australia can also reduce the supply
(quantity and quality) of animals harvested. The wild-boar
harvesting industry remains highly volatile (B. Pearse,
Australian Quarantine Inspection Service, pers. comm. 2012).
Recently, the industry has suffered from intermittent closures of
processing plants, reductions in numbers harvested and prices
paid as competition from European countries, and unfavourable
international exchange rates reduce demand for Australian
product. It currently remains uneconomic for commercial
processors to export wild boar, resulting in no ﬁeld off-take in
Queensland in 2013 (D. Church, Game Meat Processing, pers.
comm. 2013).
Harvest off-take is also restricted by harvester access, which
is affected by the road network, vegetation, and short-term (e.g.
ﬂood) and longer-term (e.g. drought) environmental ﬂuctuations
that inﬂuence the condition, and abundance and distribution of
animals (Ramsay 1994; Forsyth and Parkes 2004). Other factors
that inﬂuence supply include the number and distribution of ﬁeld
harvesters and ﬁeld chiller depots, which tend to be correlated
with demand for products (i.e. price paid; Ramsay 1994). The
interaction between varying supply and demand results in wildly
ﬂuctuating changes in ﬁeld off-take, and, subsequently, numbers
processed. For example, processor throughput (i.e. the number
of pigs processed for the export market) from 2001 to 2011
ranged between 73 000 and 322 000 carcasses per year
(Australian Quarantine Inspection Service, unpubl. data).
There may be several mechanisms available to increase
harvester off-take, including inﬂating the price of harvested
animals through subsidies. In a modelling example, Choquenot
et al. (1995) suggested that increasing the price paid for pigs
would increase the distance from a chiller that harvesting
remained proﬁtable, effectively increasing the harvest area.
Ramsay (1994) also argued that increasing prices results in
increases in harvesting pressure, and a subsequent expansion
of harvesting into more remote areas. Regardless of the
mechanisms driving the ﬂuctuations in harvest off-take, it is
clear that such yearly variations make it difﬁcult for
commercial harvesting to consistently remove enough of the
population to substantially reduce population size in the longer
term.
Ultimately pest control needs to be assessed on the ability
to reduce pest damage, not pest abundance (Braysher 1993),
although the two are inextricably linked (Hone 1994). Although
harvesting may suppress density only temporarily, this may be
sufﬁcient to reduce damage to acceptable levels. This may be
true where the resources being damaged are particularly at risk
during a certain time or life-cycle stage (e.g. lambs or ﬁeld crops),
and densities of predators can be reduced during this period.
However, little data are available to determine density–damage
relationships, and therefore determine the effectiveness of
control campaigns at reducing damage to acceptable levels
(Hone 2012). Despite these deﬁciencies, the ability of
commercial harvesting to reduce damage will be limited by the
ability to reduce density, and the area over which reductions
can be achieved (Choquenot et al. 1995). Results from our study
suggested that density reductions are temporary and limited in
area, given it becomes uneconomic to harvest beyond a certain
distance from the chiller (Choquenot et al. 1995). Spatial
coverage of ﬁeld chillers is also heavily focussed in southern
Queensland and northern New South Wales, leaving more
isolated areas unable to be harvested proﬁtably, if at all. Areas
where harvesting is limited would effectively provide a ‘refuge’,
allowing resident animals to escape control, and also potentially
act as a reservoir for immigration into more intensively harvested
areas. Although harvest intensity is likely to be ‘clumped’, with
some areas being harvested more heavily than others, density is
likely to fall below a threshold where it is unproﬁtable to harvest,
as predicted by predator–prey theory (Holling 1959). Given these
spatial considerations and the likely temporary reductions
resulting from intermittent heavy harvesting over time, it is
unlikely that commercial harvesting in the absence of
conventional control techniques could be used for reducing pig
damage in the longer term.
There are some caveats to this conclusion. In the present
study, we assumed that logistic growth occurs in response to
removals, which is supported empirically (in wild boar, see
Table 1. Meanobservedannual exponential rates of increase (observed) over the 2.5-year studyperiod (November2007 –
April 2010) and mean annual potential rates of increase without harvesting (potential)
Standard errors are shown in parentheses
Parameter Crowders Kindon Minnel Nindigully Southwood Talwood
Observed –0.177 (1.12) 0.019 (0.14) 0.461 (2.77) 1.29 (1.61) 0.411 (0.34) 0.376 (0.25)
Potential –0.101 (1.10) 0.29 (0.03) 1.41 (2.36) 1.82 (1.69) 0.57 (0.32) 0.548 (0.29)
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Eberhardt et al. 2008) and often assumed (e.g. Pech and Hone
1988; Hone 2012), but, in reality, is overly simplistic. In a
ﬂuctuating environment, carrying capacity varies among years,
resulting in a lower average population size (Hone 2012). The
MSY will also be lower in absolute terms and as a percentage
of population size (Caughley and Sinclair 1994; Grigg and
Pople 2001). The effects of harvesting will, thus, have been
underestimated here.
Some of the ﬂuctuations in pig numbers observed on the
study sites are likely to be responses to changes in food supply,
but this can be difﬁcult to disentangle from other factors.
Natural mortality was not monitored in the present study and
there were no ‘nil-treatment’ sites that lacked anthropogenic
mortality. Other control was undertaken on all QMDC study
sites (either ad hoc or coordinated control) during the study
period, which would have contributed to a suppression in
population size (Gentle et al. 2011). During drought, harvest
mortality is likely to be compensated because many harvested
animals were destined to die anyway (or have freed up resources
for others to survive).Conversely,when food is abundant, harvest
mortality is more likely to be additive.
Caution also needs to be taken in interpreting the estimated
harvest rates. Aerial survey estimates of pig density were
imprecise (see Tables S1 and S2) and so the associated harvest
rates would also have broad conﬁdence intervals. This will partly
explain the physiologically impossible rates of increase in some
cases, although immigration could have been a factor. Harvest
data were collated and grouped by ﬁeld chiller location, and the
‘catchment area’ was estimated from buffering distances from
these locations. The number harvested for the area surrounding
each chiller location is assumed to be uniformly distributed
within each buffer area. This may not be the case and it is
likely that harvesting is ‘clumped’ into speciﬁc areas on the
basis of local access and environmental conditions. Although
this is potentially a problem for the relatively small QMDC sites,
it is less so for the regional survey blocks where any non-uniform
distribution should have been ‘evened out’ on the broader scale.
Nevertheless, the estimated commercial harvest rates for the
QMDC sites each year (14.5–46.0%) are on average higher
than those recorded for the nearby Westmar regional survey
block (12.8–23.1%).
Agreater rangeofpigdensities is required to thoroughlyassess
the relationship between harvest off-take or rate and density.
Unfortunately harvest datawere available only for 2007–10when
densities were relatively low on the survey blocks. Nevertheless,
the decline in harvest rate with increasing density reported here
is expected from predator–prey theory. It ﬁts a Type II functional
response (Holling 1959) that is reported for several wildlife
populations (Caughley and Sinclair 1994) and is observed for
harvesting kangaroos in Queensland (Pople 2006) and shooting
pigs by helicopter (Hone 1990; Choquenot et al. 1999). Unless
more harvesters enter the industry, harvest off-take will remain
effectively limited (or saturated) at higher pig densities, reducing
the harvest rate.
The results of the present study showed that, on the basis of
empirical harvest data from processing companies and aerial
survey estimates of population size, commercial harvest rates
are generally low, well below the likely replacement levels and
are not maintained across sites and years. At current harvest
rates, commercial harvesting is ineffective for landscape-scale
reduction of feral-pig populations. The harvest off-take and scale
of commercial harvesting would need to be signiﬁcantly
increased or supplemented with other lethal control (such as
trapping, baiting and aerial shooting) to reduce feral-pig
populations in the long term. These ﬁndings will help land
managers and policy-makers determine whether harvesting
should be encouraged (e.g. through incentives or subsidies) to
increase harvest rates, or integrated with other control techniques
to achieve pest management objectives.
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